12 United States Patent

Hiramoto et al.

US007081368B2

US 7,081,368 B2
Jul. 25, 2006

(10) Patent No.:
45) Date of Patent:

(54) METHOD FOR DETECTING GAS WITH THE
USE OF PHOTOCURRENT AMPLIFICATION
AND THE LIKE AND GAS SENSOR

(75) Inventors: Masahiro Hiramoto, Takatsuki (JP);

Masaaki Yokoyama, Nishinomiya (JP);
Manabu Yoshida, Suita (JP)

ssignee: Japan Science and Technolo
73) Assig Japan Sci d Technology
Corporation, Kawaguchi (JP)
ofice: ubject to any disclaimer, the term ol this
*3) Noti Subj y disclai h { tha
patent 1s extended or adjusted under 35

U.S.C. 154(b) by 682 days.
(21) Appl. No.: 10/362,907
(22) PCT Filed: Aug. 13, 2001

(86) PCT No.:

§ 371 (c)(1),
(2), (4) Date:

PCT/JP01/06996

Feb. 27, 2003
(87) PCT Pub. No.: W002/21114

PCT Pub. Date: Mar. 14, 2002

(65) Prior Publication Data
US 2003/0182986 Al Oct. 2, 2003
(30) Foreign Application Priority Data

Sep. 1, 2000 (IP) oo 2000-265226

(51) Inmt. CL.
HOIL 21/66 (2006.01)
(52) US.CL .., 438/14; 438/17; 438/18;
438/49; 2577/440
(58) Field of Classification Search .................. 438/14,

438/17, 18, 49, 82, 88, 93; 257/440; '73/31.06,

73/335.02, 335.05
See application file for complete search history.

(56) References Cited

U.S. PATENT DOCUMENTS
4,836,012 A 6/1989 Doty et al. .................... 73/23

(Continued)

FOREIGN PATENT DOCUMENTS
GB 1429848 3/1976

(Continued)
OTHER PUBLICATIONS

R. Brina et al.; “Chemiresistor Gas Sensors Based on
Photoconductivity Changes 1n Phthalocyanine Thin Films:
Enhancement of Response toward Ammonia by Photo-

clectrochemical Deposition with Metal Modifiers™; Analyti-
cal Chemistry, 1990, vol. 62, pp. 2357-2365./Cited 1n the
International Search Report.

(Continued)

Primary Examiner—Kevin M. Plcardat

(74) Attorney, Agent, or Firm—Armstrong, Kratz, Quintos,
Hanson & Broooks, LLP

(57) ABSTRACT

An 1ndium electrode film (2) 1s formed closely adhering to
one face of an organic semiconductor film (1) made of
copper phthalocyanine while a gold electrode film (3) 1s
formed on the other face. A voltage 1s applied to the organic
semiconductor film (1) so that the indium electrode (2) side
1s biased positively. By applying a voltage so that the
clectrode (2) side 1s charged positively and 1rradiating with
a light having a wavelength absorbable by the organic
semiconductor film (1) the phenomenon of photocurrent
multiplication arises at the interface of the organic semicon-
ductor film (1) and the electrode (2). When put under an
oxygen or moisture atmosphere in the above state, this gas
sensor can detect oxygen or moisture depending on a change
in photocurrent due to the multiplication.
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Fig. 9

2000
-
E 1800 B B
> WATER VAPOR
% 1600 r WATER VAPOR A
<C ¢ OXYGEN
8 1200 )
= 1000  Au/Me-PTC/ITO
LLl
- B
Lo 800 VACUUM
>
8 600 |
~  OXYGEN
S 400 |
T
O 900 | -
A
0 PR has l
0 2 | 6
APPLIED VOLTAGE (V)
3000
N
- A\
L 9500 -| | {J— WATER VAPOR
>_
- A VACUUM VACUUM
=
<T
-
“ 1500 | Au/NTCDA/ITO #
=
LL]
0
% 1000 1
¢ /\ WATER VAPOR
8 B
O 500 -
T
o A —~ = OXYGEN
0 R—P———
0 1 2 3 4

APPLIED VOLTAGE (V)



US 7,081,368 B2

Sheet 8 of 8

Jul. 25, 2006

U.S. Patent

300810313

J43HdSONLY O NI

NOd1941d 40 AD&4N

300410313

G

NOH19d13 40 ADHENS

WNNOVA NI

0l b1

Gé



US 7,081,368 B2

1

METHOD FOR DETECTING GAS WITH THE
USE OF PHOTOCURRENT AMPLIFICATION
AND THE LIKE AND GAS SENSOR

TECHNICAL FIELD

The present invention relates to a method for sensing

atmospheric gas using a cell having an organic semiconduc-
tor film, and to a gas sensor implementing this method.

BACKGROUND ART

Conventionally, as a gas sensor using an organic semi-
conductor, semiconductor gas sensors of the electric resis-
tance type wherein comb like electrodes are formed on the
surface of an organic semiconductor film and gas concen-
tration 1s sensed using the fact that the dark conductivity of
the organic semiconductor layer changes due to adsorption
of gas have been generally used. As an example of such a gas
sensor, NO, sensors using a change in dark conductivity of
a phthalocyanine-based thin film are known (See M. Pas-
sard, A. Pauly, J. P. Germain, C. Maleysson, Synthetic
Metals, 80, 25 (1996), for example.)

On the other hand, the present invention 1s based on the
photocurrent multiplication phenomenon occurring at an
organic/metallic interface (See M. Hiramoto, T. Imahigashi,
M. Yokoyama, Applied Physics Letters, 64, 187 (1994), for
example, with regard to an n-type organic semiconductor,
and M. Hiramoto, S. Kawase, M. Yokoyama, Jpn, J. Appl.
Phys., 35, L.349 (1996), for example, with regard to a p-type
organic semiconductor.)

In the conventional gas sensor using an organic semicon-
ductor as described above, change 1n dark conductivity due
to adsorbed gas 1s used for sensing the adsorbed gas.
However, since the dark conductivity of the organic semi-
conductor 1s extremely small, and the current 1s measured by
means ol comb like electrodes of which electrode-to-elec-
trode distance 1s normally about 100 um, an absolute value
of the detected current 1s very small 1n the order of nA (nano
ampere), leading the drawback that 1t 1s dithicult to achieve
accurate measurement.

In addition, since the change in dark conductivity 1s
measured by measuring a change in resistance of entire
organic thin film bulk, diffusion of molecules nto the film
bulk 1s a rate-determining factor, so that the drawback of
slow response also arises.

In view of the above, it 1s an object of the present
invention to provide a gas sensing method which improves
the sensitivity of gas sensing and the response speed, and a
gas sensor for implementing the method.

DISCLOSURE OF INVENTION

A current multiplication gas sensor according to the
present invention uses a sandwich cell formed by sandwich-
ing an organic semiconductor layer between two metallic
clectrodes and senses a gas by measuring a change in photo
current associated with photocurrent multiplication at an
organic/metallic interface flowing in the cell under voltage
application or a change 1n dark current which occurs when
not 1rradiated with light.

The first method of the present mmvention that uses a
change in photocurrent 1s a gas sensing method for sensing
a gas to be sensed using a sandwich cell formed by sand-
wiching a photoconductive organic semiconductor layer
between two metallic electrodes, the method comprising the
steps as follows:
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(A) a step of rradiating the organic semiconductor layer
with light 1n the condition that a voltage 1s applied on the
organic semiconductor layer by the electrodes, thereby caus-
ing a multiplied photocurrent to generate at an organic/
metallic interface;

(B) a step of bringing the gas to be sensed 1nto contact
with the organic/metallic interface where photocurrent mul-
tiplication 1s occurring, 1n the condition of (A); and

(C) a step of measuring a photocurrent flowing in the
organic semiconductor layer to sense gas on the basis of a
change 1n photocurrent associated with the contact of the gas
to be sensed.

The second method of the present invention that uses a
change in dark current when 1irradiation with light 1s not
executed 1s a gas sensing method for sensing a gas to be
sensed using a sandwich cell formed by sandwiching an
organic semiconductor layer between two metallic elec-
trodes, the method comprising the steps as follows:

(A) a step of applying a voltage to the organic semicon-
ductor layer by the electrodes to cause occurrence of a
multiplied dark current at an orgamic/metallic interface;

(B) a step of bringing the gas to be sensed 1nto contact
with the organic/metallic interface where multiplication of
dark current 1s occurring; and

(C) a step of measuring a dark current tlowing in the
organic semiconductor layer to sense gas on the basis of a
change 1n dark current associated with the contact of the gas
to be sensed.

According to the present invention, since a change 1in
injection current associated with photocurrent multiplication
or dark current multiplication at the orgamic/metallic inter-
face 1s used for sensing a gas, the absolute value of the
detected current 1s larger than the case of the conventional
gas sensor which measures a change 1n dark conductivity of
organic semiconductor, so that the sensitivity 1s improved
and the response speed increases because of the change 1n
injection current at the interface.

A photocurrent multiplication gas sensor for implement-
ing the first method of the present invention that uses a
change 1in photo current comprises: a sandwich cell formed
by sandwiching a photoconductive organic semiconductor
layer between two metallic electrodes; a power supply for
applying a voltage to the organic semiconductor layer by the
clectrodes; an optical system for wrradiating the organic
semiconductor layer with light; an opening for bringing a
gas 1o be sensed imto contact with an organic/metallic
interface where photocurrent multiplication occurs due to
voltage application by the power supply and light 1irradiation
by the optical system; and a current measuring circuit for
measuring a photocurrent tlowing in the organic semicon-
ductor layer, thereby sensing a gas on the basis of a change
in photocurrent associated with the contact of the gas to be
sensed.

Organic semiconductors can be classified into p-type and
n-type semiconductors, and the gas sensor of the present
invention can be realized by either type of semiconductor.
Examples of such organic semiconductor are shown in FIG.
2. Of course, organic semiconductors that can be used in the
present invention are not limited to these examples.

When the organic semiconductor layer 1s a p-type organic
semiconductor layer, by applying a voltage so that the
metallic electrode of the organic/metallic interface where
photocurrent multiplication should occur 1s biased to the
plus voltage side, 1t 1s possible to sense oxygen or moisture
from an increase in the photocurrent

When the organic semiconductor layer 1s a p-type organic
semiconductor layer, 1t 1s preferred that the metallic elec-
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trode of the organic/metallic interface where photocurrent
multiplication should occur 1s formed of a metal having a
small work function. As one example of such metal, indium
can be recited.

Examples of p-type organic semiconductor include phtha-
locyanine pigments and derivatives thereolf (MPc¢ having
various metals 1n the center, H,Pc not having a metal, those
having various surrounding substituents), quinacridone pig-
ment (DQ), porphyrin, merocyanine and the like and deriva-
tives thereol.

When the organic semiconductor layer 1s an n-type
organic semiconductor layer, a voltage 1s applied so that the
metallic electrode of the organic/metallic interface where
photocurrent multiplication should occur i1s biased to the
minus voltage side.

Examples of the n-type organic semiconductor include
perylene pigments and derivatives (a variety of derivatives
having different substituents bonded to the nitrogen atom are
known, such as t-BuPh-PTC, PhFEt-PTC and the like, or
Im-PTC having high photocurrent converting ability), naph-
thalene denivatives (perylene pigments 1 which perylene
skeleton 1s replaced by naphthalene, for example, NTCDA),
C60 and so on.

When perylene-based pigments or naphthalene deriva-
tives are used as the n-type organic semiconductor, 1t 1s
possible to sense oxygen from a decrease in photocurrent
thereof.

Also when naphthalene derivatives are used as the n-type
organic semiconductor, 1t 1s possible to sense moisture from
a decrease 1n photocurrent thereof.

In the gas sensor using the n-type organic semiconductor,
it 1s preferred that the metallic electrode of the organic/
metallic mterface where photocurrent multiplication should
occur 1s formed of a metal having a large work function.

It 1s preferred that the voltage applied by the power supply
1s set so as to cause a current change of larger number of
clectrons than the number of adsorbed gas molecules.

A current multiplication gas sensor for implementing the
second method of the present invention using change 1n dark
current 1 the absence of light irradiation comprises: a
sandwich cell formed by sandwiching an organic semicon-
ductor layer between two metallic electrodes; a power
supply for applying a voltage to the organic semiconductor
layer by the electrodes; an opening for bringing a gas to be
sensed 1nto contact with an organic/metallic interface where
current multiplication occurs due to voltage application by
the power; and a current measuring circuit for measuring a
dark current flowing in the orgamic semiconductor layer,
thereby sensing a gas on the basis of a change 1n dark current
associated with the contact of the gas to be sensed.

As the organic semiconductor used 1n the current multi-
plication gas sensor using change in dark current, any of the
alforementioned organic semiconductors can be used.

The first form of the organic semiconductor layer 1s an
evaporated film of organic semiconductor.

The second form of the organic semiconductor layer 1s a
resin-dispersed organic semiconductor film wherein an
organic semiconductor 1s dispersed 1n a resin. Examples of
the resin into which the organic semiconductor 1s dispersed
include general-purpose polymers such as polycarbonate,
polyvinyl butyral, polyvinyl alcohol, polystyrene and poly-
methyl methacrylate, conductive polymers such as polyvinyl
carbazole, polymethyl phenylsilane and polydimethyl
silane, and so on. Chemical formulae of some of these resins
are shown in FIG. 3.

The resin-dispersed organic semiconductor film can be
tformed by applying a mixture of the organic semiconductor
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and the resin 1n a solvent on an electrode substrate by way
of a spin coat method or a bar coat method (method of
extending a dispersion applied on the substrate using a
metallic bar with a groove) for forming a film.

According to the present imnvention, using the sandwich
cell formed by sandwiching an organic semiconductor
between two metallic electrodes, a change in imjection
current associated with photocurrent multiplication or dark
current multiplication at the organic/metallic interface 1is
used for sensing gas, so that the absolute value of the sensed
current becomes large and hence the sensitivity 1s improved.
In addition, since a change 1n injection current 1s detected at
the interface, the response speed can be improved.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a section view showing a structure of one
embodiment of a photocurrent multiplication gas sensor
device of the present invention;

FIG. 2 shows chemical formulae representing some
examples for organic semiconductor used in the present
invention;

FIG. 3 shows chemical formulae representing some
examples for resin used 1n the present imnvention for dispers-
ing an organic semiconductor when an organic semiconduc-
tor layer 1s implemented by a resin-dispersed organic semi-
conductor film;

FIG. 4 1s a graph showing photo response characteristics
of one embodiment under various oxygen pressures;

FIG. 5 1s a graph showing dependence of photocurrent
quantum vield on oxygen pressure in the same embodiment;

FIG. 6 shows energy diagrams at CuPc/In, namely an
organic/metallic interface when the photocurrent multipli-
cation phenomenon occurs 1n the same embodiment 1n
vacuum for the left view and 1n oxygen atmosphere for the
right view;

FIG. 7 1s a graph showing responses to gas introduction
of Ar, O, and Air 1n the same embodiment;

FIG. 8 1s a section view showing a structure of another
embodiment of a photocurrent multiplication gas sensor
device of the present invention;

FIG. 9 1s a graph showing dependence of photocurrent
multiplication factor on applied voltage in vacuum and
under introduction of 1 atmospheric pressure of pure oxygen
in the same embodiment; and

FIG. 10 shows energy diagrams at the Me-PTC interface
or at the NTCD/Au interface when photocurrent multipli-
cation occurs 1n the same embodiment 1n vacuum for the left
view and 1n oxygen atmosphere for the right view.

BEST MODE FOR CARRYING OUT TH.
INVENTION

L1

Next, the present mvention will be explained 1n detail
with reference to the drawings.

FIRST EMBODIMEN'T

The first embodiment will be described by way of an
example where a p-type organic semiconductor 1s used.

FIG. 1 1s a schematic configuration view of a gas sensor
device 1n which a section view of a sandwich cell structure
ol a photocurrent multiplication gas sensor device according
to the first embodiment 1s shown together with an electric
circuit. The reference numeral 1 denotes an organic semi-
conductor thin film which 1s a copper phthalocyanine (CuPc:
the center metal M 1s Cu 1n the chemical formula represented
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as MPc 1n FIG. 2) evaporated film having a film thickness
of about 1,000 nm. The reference numeral 2 denotes a
metallic electrode thin film which 1s formed on one surface
ol the organic semiconductor film 1 so as to closely contact
with the same, which 1s an In (indium) evaporated film
having a film thickness of about 100 nm. The reference
numeral 3 denotes another metallic electrode thin film which
1s an Au (gold) evaporated film having a film thickness of
about 40 nm and formed on the surface of the organic
semiconductor thin film 1, which 1s opposite to the surface
on which the In electrode 2 i1s formed. The side of the
organic semiconductor thin film 1 on which the In electrode
2 1s formed 1s wrradiated with light so that the gas to be
sensed comes into contact therewith. The reference numeral
4 denotes a glass substrate which supports the present gas
sensor device via the Au electrode 3. The reference numeral
5 denotes a power source for applying a voltage on the
present device and connected between the electrode thin
films 2 and 3 so that the In electrode 2 side 1s biased toward
the plus voltage side. The reference numeral 6 denotes an
ampere meter for monitoring the current flowing in the
present device, which 1s connected between the power
source 3 and the In electrode 2. The reference numeral 7
denotes monochromatic light with which the organic semi-
conductor thin film 1 of the present device 1s 1rradiated from
the In electrode 2 side.

The present device can be formed according to the
evaporation method, by evaporating the Au electrode thin
film 3 on the glass substrate 4, evaporating the copper
phthalocyanine thin film 1 thereon, and evaporating the In
clectrode thin film 2 thereon.

When the present gas sensor 1s irradiated with light
having a wavelength of 570 nm as the monochromatic light
that can be absorbed by the organic semiconductor thin film
1, while applying a voltage on the gas sensor so that the In
clectrode 2 1s positive with respect to the Au electrode 3, the
photocurrent multiplication phenomenon occurs at the
CuPc/In interface by the mechanism as will be described
later.

Then as the gas sensor 1s operated under a variety of gas
atmospheres, the photocurrent due to multiplication changes
depending on the gas concentration, and this change in
photocurrent 1s detected by the ampere meter 6.

Next, eflects of the present invention will be described by
way ol concrete examples.

FI1G. 4 shows photo response of the device under a variety
of oxygen pressures, the oxygen being introduced after
applying a voltage of 10V on the device of FIG. 1 and
evacuating by a rotary pump. The horizontal axis represents
time and the vertical axis represents photocurrent quantum
yield (multiplication factor) which 1s calculated by dividing
the number of carries flowing 1n the device as photocurrent
by the number of photons that the organic semiconductor
thin film 1 has actually absorbed. For example, “quantum
yield of 600” means that 600 carriers flow through the
device by one photon. This 1s called a photocurrent multi-
plication phenomenon. The photocurrent multiplication phe-
nomenon 1n the organic semiconductor thin film 1 formed of
CuPc 1s first observed by the inventors of the present
invention.

FIG. 5 plots the photocurrent quantum yield measured in
the manner as described above 1n relative to the introduced
oxygen pressure. From FIGS. 4 and 5, 1t can be realized that
the multiplication factor increases quantitatively as the oxy-
gen pressure mcreases, and since the response 1s reversible,
it 1s possible to use this characteristic for sensing oxygen.
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The larger the applied voltage, the larger the change due to
oxygen introduction becomes large so that the sensitivity
increase At the applied voltage of 10V, the amount of
increase in photocurrent with respect to the change 1n
oxygen pressure from 1 Torr to 760 Torr reached to as high
as about 0.5 mA/cm”. Such a large change in current amount
that reaches to milli ampere per 1 cm” as described above
cannot be realized when the change 1n resistance 1s mea-
sured by comb like electrodes. Also 1t 1s expected that this
value will become larger if a larger voltage 1s applied.

FIG. 6 shows energy diagrams at the organic/metallic
interface, concretely at CuPc/In interface when the photo-
current multiplication phenomenon 1s occurring. The left
view 1s an energy diagram in vacuum evacuated with a
rotary pump and the right view 1s an energy diagram when
oxygen 1s introduced. As the organic semiconductor, when
the p-type CuPc 1s used, the photocurrent multiplication
phenomenon occurs at the interface with the metallic elec-
trode that 1s positively biased. The reference numeral 1
denotes CuPc, the reference numeral 2 denotes an In elec-
trode to which a voltage 1s positively applied, the reference
numeral 10 denotes a valence band, the reference numeral 11
denotes a conduction band, the reference numeral 12 denotes
photoproduced electrons, the reference numeral 13 denotes
clectrons accumulated in the electron trap at the organic/
metallic interface, the reference numeral 14 denotes elec-
trons (O,7) that are trapped to oxygen molecules (O,)
adsorbed on the surface of the organic semiconductor, the
reference numeral 15 denotes an energy of electron, the
reference numeral 16 denotes tunnel 1njection of holes from
the metallic electrode to the valence band, and the reference
numeral 17 denotes holes that have been tunnel mjected.

First, the photocurrent multiplication phenomenon at the
CuPc/In nterface 1 vacuum 1s activated in the following
manner the electrons 12 that have been photoproduced 1n the
CuPc are trapped and accumulated in the trap 13 1n the
vicinity of the In electrode 2 (this trap i1s considered as a
spatial stop (structural trap) coming from the structural
incompleteness existing at the organic/metallic interface); a
high electric field 1s mntensively applied; and finally the holes
17 are tunnel injected 1n the manner as denoted by the
reference numeral 16 (photoinduced hole 1njection mecha-
nism). That 1s, the photon needs to supply only the electrons
12 that are trapped at the interface, and once the tunnel
injection 1s 1mtiated, a large quantity of holes are injected
into the device, with the result that the photocurrent multi-

plication phenomenon will occur by which more than 100
carries with respect to one photon flow through the device.

Next, as the oxygen 1s mtroduced, oxygen molecules are
adsorbed on the CuPc surface. Since the adsorbed oxygen
captures an electron to become the O, 1on 14, 1t seems to
function as a trap of electron. That 1s, 1t can be explained that
in the oxygen atmosphere, as a result of increase in the
number of trap electrons, the electric field further concen-
trates to the interface and the number of holes to be
tunnel-injected dramatically increases, so that the photocur-
rent amount due to multiplication significantly increases, or
in other words, the photocurrent quantum yield (multiplica-
tion factor) increases.

FIG. 7 shows responses to the Ar, O, and Air gases at the
time of applying a voltage of 5V on the cell of FIG. 1. First,
light rradiation 1s conducted 1n vacuum evacuated with a
rotary pump, and then 1 atmospheric pressure of each gas 1s
introduced.
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As for the inert Ar gas, no change 1s observed (though the
reason why the current once decreases immediately after
introduction of gas 1s unknown, the current level recovers to
the 1itial level thereafter).

When the pure oxygen 1s introduced, the current increases
as described above.

When the air 1s introduced, the largest increase 1s
observed. Although the oxygen concentration of this case 1s
lower than that of when the pure oxygen 1s introduced
because the air contains 20% of oxygen, the larger increase
1s observed due to the intluence of the water vapor included
in the air. This means that also the adsorbed water traps
clectrons likewise the oxygen and increases the injection
current due to the multiplication, and that sensing of humid-
ity 1s possible. This result suggests that the present device
has sensitivity to various kinds of gases. It 1s to be noted,
however, for the gas which, 1n contrast to the oxygen, traps
holes and 1s easily oxidized, the multiplied photocurrent
may sometimes decrease.

As described above, since the injection current detected 1n
the present invention i1s the current that 1s multiplied by
photocurrent multiplication, by the adsorbed gas molecules
it 15 possible to obtain significant current change 1n the milli
ampere order per 1 cm” in the injection current In principle,
a current change of a larger number of electrons than the
number of adsorbed gas molecules may occur. This means
that the ratio between the number of carries having flown in
the device and the number of gas molecules, namely, a value
which can be considered as a quantum yield of number of
clectrons of current induced by adsorbed gas with respect to
the number of adsorbed gas molecules (multiplication factor
with respect to number of gas molecules), which 1s similar
to the photocurrent quantum vyield with respect to photon
(multiplication factor) can be defined. This means multipli-
cation sensing for gas molecules. In the conventional device
that uses a change 1n resistance of organic semiconductor,
since one gas molecule causes change of only one electron
at most, such multiplication sensing cannot be realized 1n
principle. In other words, since the multiplied photocurrent
1s observed while multiplying the trapped charges to several
thousands of times, adsorbed molecules functioning as traps
can be detected with high sensitivity.

Furthermore, since the adsorbed gas can be sensed 1nsofar
as 1t 1s adsorbed to the surface of the organic thin film, and
the diffusion of gas into the bulk 1s not a rate-determining
factor, a possibility of improving the response speed for the
gas can be expected.

When a greater voltage 1s applied, it 1s predicted that the
mechanism similar to that shown 1in FIG. 6 1s activated by
clectrons that are 1njected to the conduction band during the
dark period from the electrode of minus side, and a large
amount ol holes are tunnel-injected. Since also such a
multiplied current during the dark period seems to be
influenced by the adsorbed oxygen, 1t 1s considered 1n
principle that in the high voltage operation of the present
device, the gas sensing can be achieved by measuring a
change 1n dark current in the absence of light irradiation. In
this case, the electrode metal of minus side where multipli-
cation does not occur 1s preferably a metal having a small
work function from which electrons can be easily injected.

It 1s also possible to use metal free phthalocyanine other
than copper phthalocyanine or phthalocyanine pigments
containing other metals in the center. Also a p-type organic
semiconductor can achieve sensing of oxygen in the similar
mechanism. Although metals other than In may be used, it
1s preferred to use a metal having a small work function
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since the photocurrent multiplication phenomenon occurs at
the interface where the Schottky junction 1s formed.

SECOND EMBODIMENT

As the second embodiment, FIG. 8 shows an example
wherein an n-type organic semiconductor 1s used. As an
organic semiconductor thin film 1a, a perylene pigment
(Me-PTC: represented by the chemical formula in FIG. 2)
evaporated film having a film thickness of about 500 nm or
a naphthalene dernivative (NTCDA: represented by the
chemical formula 1 FIG. 2) evaporated film having a film
thickness of about 500 nm, which exhibits n-type semicon-
ductor property, 1s used. As a metallic electrode 2a on the
side where a gas to be sensed comes 1nto contact and light
1s 1irradiated, an Au evaporated film having a film thickness
of about 20 nm 1s used, and as the other metallic electrode
3a, an I'TO (indium tin oxide) evaporated film having a film
thickness of about 60 nm 1s used.

In the case of the n-type semiconductor, the photocurrent
multiplication phenomenon occurs at the interface between
the electrode to which the voltage 1s negatively applied and
the organic semiconductor (as will be described later). For
achieving this, a power source 5a 1s connected between the
Au electrode 2a and the ITO electrode 3a so that the voltage
1s negatively applied to the Au electrode 2a with respect to
the ITO electrode 3a. The reference numeral 6 denotes an
ampere meter for monitoring current as 1s the embodiment
in FIG. 1.

FIG. 9 shows dependence of photocurrent multiplication
factor on applied voltage 1n vacuum evacuated by a rotary
pump and under introduction of 1 atmospheric pressure of
pure oxygen when the voltage 1s applied so that the Au
clectrode 2a 1s negative with respect to the ITO electrode 3a,
in the present embodiment As for the multiplication phe-
nomenon in the n-type organic semiconductor, the oxygen
introduction provides a completely opposite effect to the
p-type organic semiconductor. That 1s, 1n both of the Me-
PTC and NTCDA, the multiplied photocurrent 1s signifi-

cantly suppressed due to the introduction of oxygen.

FIG. 10 shows energy diagrams at Me-PTC or NTCDA/
Au, that 1s, at the organic/metallic interface when the pho-
tocurrent multiplication phenomenon 1s occurring. The left
view 1s an energy diagram in vacuum evacuated with a
rotary pump and the right view 1s an energy diagram when
oxygen 1s introduced. In the Me-PTC and NTCDA which are
n-type semiconductors, the photocurrent multiplication phe-
nomenon occurs at the mterface with the metallic electrode
that 1s negatively biased. The reference numeral 1 a denotes
Me-PTC or NTCDA, the reference numeral 2a denotes an
Au electrode which 1s negatively voltage-applied, the ref-
erence numeral 20 denotes a valence band, the reference
numeral 21 denotes a conduction band, the reference
numeral 22 denotes photoproduced holes, the reference
numeral 23 denotes holes accumulated 1n the hole trap at the
organic/metallic interface, the reference numeral 24 denotes
clectrons (O,7) that are trapped to oxygen molecules (O,)
adsorbed on the surface of the organic semiconductor sur-
face, the reference numeral 25 denotes an energy of electron,
the reference numeral 26 denotes tunnel ijection of elec-
trons from the metallic electrode to the conduction band, and
the reference numeral 27 denotes electrons that have been
tunnel njected.

It 1s known that 1n the case of n-type semiconductors, the
multiplication phenomenon occurs in an mnverted manner to
the case of p-type semiconductors. That 1s, at the time of
multiplication, part of the holes 22 that are photoproduced
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are trapped and accumulated 1n the traps 1n the vicinity of the
negatively biased metallic electrode 2a. As a result of this,
high electric field 1s intensively exerted to the interface
between the organic thin film la and the metallic electrode 2a
and finally a large amount of electrons are tunnel ijected
from the metallic electrode 2a to cause the multiplication
(photoinduced electron 1njecting mechanism).

In this case, 1t 1s so considered that as the oxygen 1s
adsorbed to the surface of the organic semiconductor la and
traps the electrons to become a minus 10n, an effective plus
charge density at the organic/metallic interface reduces, and
whereby the multiplication 1s suppressed. In this case, gas
molecules that are likely to trap plus charges which are
casily oxidized may possibly increase the multiplication
factor.

FIG. 9 also shows the eflect of water vapor (saturated
vapor pressure under the condition where oxygen 1s absent
alter evacuation). Comparing the vacuum condition and the
water vapor atmosphere condition, in the case of the
NTCDA (lower view), 1t can be seen that adsorption of water
suppresses the multiplication factor in the same way as
oxygen. In the case of the Me-PTC (upper view), however,
it acts to increase the multiplication factor though the action
1s small. It can be considered that a water molecule 1s not a
trap that acts on only one of a hole or an electron. Since this
clement has the sensitivity to the water vapor, the present
device also presents a possibility of use as a humidity sensor.

Also 1n this case, likewise the first embodiment, when a
greater voltage 1s applied, 1t 1s predicted that the mechanism
similar to that shown in FIG. 10 1s activated by holes that are
injected to the valence band during the dark period from the
clectrode of plus side, and a large amount of electrons are
tunnel-injected. Since such a multiplication current during
the dark period also seems to be influenced by the adsorbed
oxygen, 1t 1s considered 1n principle that 1n the high voltage
operation ol the present device, the gas sensing can be
achieved by measuring change 1n dark current 1n the absence
of light irradiation. In this case, the electrode metal of plus
side where multiplication does not occur 1s preferably a
metal having a large work function from which holes can be
casily 1njected.

INDUSTRIAL APPLICABILITY

The photocurrent multiplication gas sensor according to
the present mmvention provides high sensitivity and high
response speed since 1t senses gas by a change in 1njection
current due to the photocurrent multiplication or dark cur-
rent multiplication at the organic/metallic interface. There-
fore, 1t can be used for environment monitoring or as a gas
sensor for sensing oxygen, moisture and the like contained
in a gas to be sensed in an apparatus for measuring exhaust
gas rom industrial plants or automobiles.

The invention claimed 1s:

1. A gas sensing method for sensing a gas to be sensed
using a sandwich cell formed by sandwiching a photocon-
ductive organic semiconductor layer between two metallic
clectrodes, the sandwich cell exhibiting a photocurrent mul-
tiplication phenomenon that a photocurrent occurring in the
photoconductive organic semiconductor layer in response to
light 1irradiation under application of a voltage by the elec-
trodes 1s multiplied, the method comprising the steps of:

(A) a step of wrradiating the organic semiconductor layer

with light in the condition that a voltage 1s applied on
the organmic semiconductor layer by the electrodes,
thereby causing a multiplied photocurrent to generate at
an organic/metallic interface, the voltage having such a
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magnitude that allows a photocurrent to flow between
the electrodes 1n a quantum yield of not less than 1
when the organic semiconductor layer 1s irradiated with
light;

(B) a step of bringing the gas to be sensed into contact
with the organic/metallic interface where photocurrent
multiplication 1s occurring, 1n the condition of(A); and

(C) a step of measuring a photocurrent flowing in the
organic semiconductor layer to sense gas on the basis
of a change 1n photocurrent associated with the contact
of the gas to be sensed.

2. A gas sensing method for sensing a gas to be sensed
using a sandwich cell formed by sandwiching an organic
semiconductor layer between two metallic electrodes, the
sandwich cell exhibiting a dark current multiplication phe-
nomenon that a dark current occurring in the organic semi-
conductor layer under application of a voltage by the elec-
trodes 1s multiplied, the method comprising the steps of:

(A) a step of applying a voltage to the organic semicon-
ductor layer by the electrodes to cause occurrence of a
multiplied dark current at an organic/metallic interface,
the voltage having such a magnitude that allows a dark
current to flow between the electrodes in response to
clectrons or holes injected into the organic semicon-
ductor layer 1n a quantum yield of not less than 1 with
respect to the amount of injection;

(B) a step of bringing the gas to be sensed 1nto contact
with the orgamic/metallic interface where multiplica-
tion of dark current 1s occurring, in the condition of
(A); and

(C) a step of measuring a dark current flowing in the
organic semiconductor layer to sense gas on the basis
of a change 1n dark current associated with the contact
of the gas to be sensed.

3. A photocurrent multiplication gas sensor comprising:

a sandwich cell formed by sandwiching a photoconduc-
tive organic semiconductor layer between two metallic
clectrodes, the sandwich cell exhibiting a photocurrent
multiplication phenomenon that a photocurrent occur-
ring 1n the photoconductive organic semiconductor
layer 1n response to light irradiation under application
of a voltage by the electrodes 1s multiplied;

a power supply for applying a voltage to the organic
semiconductor layer by the electrodes, the voltage

having such a magnitude that allows a photocurrent to

flow between the electrodes 1n a quantum yield of not

less than 1 when the organic semiconductor layer is
irradiated with light;

an optical system for 1irradiating the organic semiconduc-
tor layer with light;

an opening for bringing a gas to be sensed 1nto contact
with an organic/metallic interface where photocurrent
multiplication occurs due to voltage application by the
power supply and light irradiation by the optical sys-
tem; and

a current measuring circuit for measuring a photocurrent
flowing in the organic semiconductor layer, thereby
sensing a gas on the basis of a change in photocurrent
associated with the contact of the gas to be sensed.

4. The gas sensor according to claim 3, wherein the
organic semiconductor layer 1s a p-type organic semicon-
ductor layer, the power supply applies a voltage so as to bias
the metallic electrode of the organic/metallic interface where
the photocurrent multiplication should occur to the plus
voltage side, and the gas sensor 1s intended to sense oxygen
or moisture based on an increase in the photocurrent.
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5. The gas sensor according to claim 4, wherein the p-type
organic semiconductor layer 1s formed of a phthalocyanine
pigment.

6. The gas sensor according to claim 4 or 5, wherein the
metallic electrode of the organic/metallic interface where the
photocurrent multiplication should occur 1s formed of a
metal having a small work function.

7. The gas sensor according to claim 6, wheremn the
metallic electrode of the organic/metallic interface where the
photocurrent multiplication should occur 1s formed of
indium.

8. The gas sensor according to claim 3, wheremn the
organic semiconductor layer 1s an n-type organic semicon-
ductor layer, the power supply applies a voltage so as to bias
the metallic electrode of the organic/metallic interface where
the photocurrent multiplication should occur to the minus
voltage side, and the gas sensor 1s intended to sense oxygen
based on a decrease in the photocurrent.

9. The gas sensor according to claim 8, wheremn the
organic semiconductor layer 1s formed of a perylene pig-
ment or a naphthalene derivative.

10. The gas sensor according to claim 3, wherein

the organic semiconductor layer 1s formed of a naphtha-

lene derivative which 1s an n-type organic semiconduc-
tor layer,

the power supply applies a voltage so that the metallic

clectrode of the organic/metallic interface where the
photocurrent multiplication should occur 1s biased to
the minus voltage side, and

the gas sensor 1s mtended to sense moisture based on a

decrease in the photocurrent.

11. The gas sensor according to claim 8, 9 or 10, wherein
the metallic electrode of the organic/metallic interface where
the photocurrent multiplication should occur 1s formed of a
metal having a large work function.
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12. The gas sensor according to claim 3, wherein the
voltage applied by the power supply 1s set so as to cause a
current change of larger number of electrons than the
number of adsorbed gas molecules.

13. A current multiplication gas sensor comprising:

a sandwich cell fanned by sandwiching an organic semi-
conductor layer between two metallic electrodes, the
sandwich cell exhibiting a dark current multiplication
phenomenon that a dark current occurring in the
organic semiconductor layer under application of a
voltage by the electrodes 1s multiplied;

a power supply for applying a voltage to the organic

semiconductor layer by the electrodes, the voltage
having such a magmtude that allows a dark current to
flow between the electrodes 1n response to electrons or
holes 1njected into the organic semiconductor layer 1n
a quantum vyield of not less than 1 with respect to the
amount ol injection;

an opening for bringing a gas to be sensed into contact
with an organic/metallic interface where current mul-
tiplication occurs due to voltage application by the
power supply; and

a current measuring circuit for measuring a dark current
flowing in the organic semiconductor layer, thereby
sensing a gas on the basis of a change in dark current
associated with the contact of the gas to be sensed.

14. The gas sensor according to claim 3, wherein the
organic semiconductor layer 1s a evaporated film.

15. The gas sensor according to claim 3 or 13, wherein the
organic semiconductor layer 1s a resin dispersed organic
semiconductor film formed by dispersing an organic semi-
conductor 1n a resin.
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